The purpose of this work was to compare dose distributions between two radiosurgery modalities, single-isocenter volumetric modulated arc therapy (VMAT), and GammaKnife Perfexion (GK), in the treatment of a large number (≥7) of brain metastases. Twelve patients with 103 brain metastases were analyzed. The median number of targets per patient was 8 (range: 7-14). GK plans were compared to noncoplanar VMAT plans using both 6-MV flattening filter-free (FFF) and 10-MV FFF modes. Parameters analyzed included radiation therapy oncology group conformity index (CI), 12, 6, and 3 Gy isodose volumes (V12 Gy, V6 Gy, V3 Gy), mean and maximum hippocampal dose, and maximum skin dose. There were statistically significant differences in CI (2.5 ± 1.6 vs 1.6 ± 0.8 and 1.7 ± 0.9, P < 0.001, P < 0.001), V12 Gy (2.8 ± 6.1 cc vs 3.0 ± 5.2 cc and 3.1 ± 5.4 cc, P = 0.003, P < 0.001), and V3 Gy (323.0 ± 294.8 cc vs, 880.1 ± 369.1 cc and 937.9 ± vs 361.9 cc, P = 0.005, P = 0.001) between GK versus both 6-MV FFF and 10-MV FFF. No significant differences existed for maximum hippocampal or skin doses. In conclusion, highly optimized VMAT produced improved conformity at the expense of a higher V12 Gy and V3 Gy volume when compared with highly optimized GK. 
based SRS is an increasingly utilized alternative to GK because of its wider availability and the potential for rapid (20 min) treatment delivery through high-intensity flattening filter-free (FFF) modes. 4 Liu et al. 5 demonstrated that plan quality between GK Perfexion and single-isocenter, multiple noncoplanar VMAT is comparable, with the exception of an increased volume of low dose (<3 Gy) to normal brain using VMAT. However, this study only examined six cases each with 3-4 small brain metastases and only evaluated the dosimetry with 6-MV FFF plans. Thomas et al. 6 demonstrated equivalent conformity, dose fall-off, V12 Gy, and low dose spill between GK and single-isocenter VMAT using the 10-MV FFF beam model for 28
cases (median number of targets per case of three). A limitation of their study was the analysis of dosimetry using the older GK Model C and not the GK Perfexion. The GK Perfexion has the potential to provide a dosimetric improvement compared to its predecessor through the convenient delivery of hybrid shots produced by an inverse-planning algorithm that optimizes target coverage, selectivity, and gradient index. 7 On the other hand, McDonald et al. 8 determined that single-isocenter VMAT delivered significantly more dose to the normal brain compared to GK Perfexion for all dose levels studied. However, their study examined cases with only 2-5 brain metastases and did not use either the 6-MV FFF or 10-MV FFF beam models. A recent study by Zhang et al. 9 looking specifically at hippocampal-sparing for cases with 3-10 brain metastases (median of six metastases per plan), concluded that GK Perfexion plans demonstrated significantly lower V12 Gy, V8 Gy, and V4 Gy irradiated brain volume compared to single-isocenter VMAT. However, this study grouped cases with a relatively few number of metastases (3) together with cases containing many metastases (10) and did not compare dosimetry between both the VMAT 6-MV FFF and 10-MV FFF beam models.
Our work is the first study that compares GK Perfexion plans to single-isocenter multiple noncoplanar volumetric modulated arc therapy (VMAT) plans utilizing both VMAT 6-MV FFF and 10-MV FFF beam models in patients with seven or more brain metastases.
2 | ME TH ODS
2.A | Patients, treatment volumes, and dose
Magnetic resonance (MR) scans of 12 patients with at least seven brain metastases who were originally treated with GK Perfexion were selected for this study. These cases were selected because of long beam-on times with GK which ranged from 92.3 to 280 min. Gadolinium-enhanced 2-mm slice MRI T1-weighted sequences from a 1.5 T or 3.0 T scanner were used by radiation oncologists and neurosurgeons to contour the gross tumor volume (GTV) in the GammaPlan treatment planning system (v 10. 
2.B | Treatment planning
The GammaPlan treatment planning system was used to generate GK Perfexion plans using the tissue-maximum ratio (TMR) dose algorithm with a 1-mm dose grid size and skull measurements. 11 For each plan, manual shot placement in concert with inverse planning was used to optimize target coverage, selectivity, and gradient index. 7 Planner adjustments ensured that >99.5% of each lesion was covered by the prescription dose. Out of 103 lesions, the majority were prescribed to the 50% isodose line with 1, 7, 6, 4, and 3 lesions prescribed to the 80%, 70%, 65%, 60%, and 55% iso- VMAT planning and dose calculation in analogy to the GK TMR dose calculation. The final dose calculation was performed using the Anisotropic Analytical Algorithm using a 1-mm grid size. All VMAT plans were optimized using 4-6 noncoplanar partial arcs according to the template established by Liu et al. 5 Dose control tuning structures in the form of volumetric rings were created according to the template established by Clark et al. 4 to optimize and control dose corresponding to high (prescription dose of each target), medium (12 Gy), and low (6 Gy) dose levels. One isocenter was used for all targets and was placed at the geometric center of mass of all targets calculated by Eclipse. All VMAT plans were generated to ensure that >99.5%
of each lesion was covered by the prescription dose. Therefore, a "plan normalization value" between 96.6 and 99.0% was used after VMAT optimization to ensure this target coverage condition. As in GK planning, no attempt was made to minimize hippocampus dose.
2.C | Dosimetric analysis
The three-dimensional dose matrices of both GK and VMAT were volume. 12 The VMAT beam-on time was calculated using a dose rate of 1400 MU/min for 6-MV FFF and 2400 MU/min for 10-MV FFF.
The GK beam-on time was recorded from the GK treatment plan printout (GK dose rates of 2.390-3.022 Gy/min). 
2.D. | Statistics

| RESULTS
A total of 103 brain metastases were analyzed. Mean tumor volume improvements in conformity index with VMAT compared to GK (P < 0.001). Also, analogous to the total tumor group, the small lesion group demonstrated a significantly lower V12 Gy for GK compared to VMAT (P < 0.001). However, the large lesion group did not show a significant difference in V12 Gy between GK and VMAT (P = 0.920).
For V6 Gy, there was no significant difference between GK and 6-MV FFF, however, GK was significantly smaller compared to 10-MV FFF. For V3 Gy, GK was significantly smaller compared to both 6-MV FFF and 10-MV FFF. This is illustrated in Fig. 2 which displays the dose-volume histograms for a typical patient, where the PTV is the total combined volume of all eight lesions with prescription doses ranging from 15 to 18 Gy. From Fig. 2 , it is apparent that a larger amount of normal brain tissue is irradiated at lower doses (<6 Gy) for the VMAT plans compared to GK. However, the sample size (N = 14) is small and a larger study is required to validate this result.
Our results are consistent with the data presented by Zhang et al. 9 but contradictory to the data presented by Liu et al. 5 and Thomas et al. 6 One possible explanation for this may be that our study The major advantage of a linear accelerator-based treatment using a single-isocenter to treat multiple targets is the greatly improved efficiency of delivery. However, the drawback of a singleisocenter treatment is that spatial errors are magnified when the target is not at the isocenter. Therefore, it is common in linear
accelerator-based SRS to add an additional 1-2 mm margin to the GTV for generation of the PTV. This margin accounts for uncertainties in the CT to MR image fusion process, setup error, and the possibility of movement between imaging and treatment with a frameless delivery. 15 Ezzell 15 studied the spatial accuracy of two frameless linac-based SRS systems as a function of distance from the isocenter. The conclusion was that a 1-mm PTV margin was appropriate for targets up to 7-8 cm from the isocenter while for distances of 10 cm or more, a margin up to 2 mm could be prudent depending on the imaging modality used for alignment. No margin was added to the GTV in our work since we designed our study to use the same volume for VMAT planning that would typically be used in GK planning. However, it should be noted that an additional margin for frameless VMAT delivery would be expected to further increase the V12 Gy compared to GK.
Despite treating a large number of metastases in our study, neither GK nor VMAT violated the hippocampal dose constraints (D100% ≤ 9 Gy and maximum dose ≤16 Gy) recommended by RTOG 0933. 16 Nevertheless, GK demonstrated a trend toward a statistically lower mean hippocampus dose compared to VMAT (Table 1) . This result may be due to the higher photon energies used in linear accelerator SRS and the presence of MLC leakage radiation as discussed below. In our study, no attempt was made to minimize hippocampal dose during VMAT and GK treatment planning. However, the ability to directly take the hippocampus dose into account during VMAT optimization may be advantageous. Our study also demonstrated a larger volume of brain receiving low doses (≤3 Gy) with VMAT compared to GK. This result is consistent with the findings of Liu et al. 5 With an increasing number of lesions, VMAT will require large movements of the MLC between scattered targets. This will result in an increase in MLC leakage radiation which may manifest itself as more energy is deposited at lowdose levels (i.e., ≤3 Gy). This dose level is comparable to a single fraction of whole-brain irradiation and is considered clinically insignificant. Rahman et al. 18 analyzed the long-term risk of secondary malignancy from low doses to normal brain following linacbased SRS. Based on 23 yr of data, these authors found no increased risk of secondary malignancy compared to the general population.
A limitation of our study was the absence of CT data to produce heterogeneity-corrected VMAT plans. All of the patients selected for our study were originally treated with GK using MR-only planning, as is common practice in GK planning, and then replanned with VMAT. We acknowledge that typical VMAT plans would be generated using heterogeneity corrections derived from the electron density information in CT data. However, linear accelerator dosimetry studies using both human skull phantoms 19 and canine skulls 20 have
found that the impact of heterogeneity correction in the brain, away from low density cavities, was small. Therefore, dose perturbations due to head heterogeneities can be considered a second-order effect and are not expected to significantly change the results of this study.
With the recent introduction of commercial single-isocenter planning algorithms for simultaneously treating multiple brain metastases, either using automated dynamic conformal arcs [21] [22] [23] metastases. This will be the subject of a future investigation.
| CONCLUSION
Our study is the first work that compares GK Perfexion plans to single-isocenter multiple noncoplanar VMAT plans and compares both VMAT 6-MV FFF and 10-MV FFF beam models for a large number of brain metastases. Although the low-dose spillage was found to be statistically greater with VMAT than GK, the clinical significance of this remains unknown. For patients requiring a single course of SRS, the improvement in efficiency with VMAT most likely outweighs the small increase in integral dose. However, as many of these patients require multiple courses of SRS, the cumulative effect of low-dose spillage could become clinically significant.
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